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Qenerel Titla: Dadustrial Preparedness Measure
Authorisation: Program Directive Nusbey

8B O~230 (84510001
Project Title: COLD WORKIMG

Sab-Projoct

Title: DEVELOPMENT OF ENGINEEBRIRG DESTON DATA FOR
APPLICATION OF AUTOFPRETTAGE TO 165,000 POUNDS
FER SQUARE INCH YIFLD STRINOTH MATERIALS

CBJECTIVE

“‘mobsocunam-mummam:m
principle ss applied to high strength thdck.-wall steel cylinders
of intermediste diamster retio and the development of the design
criteria and procedures for the application of sutofrettags to
mmmmmmtm-.ﬁm.-"

\
SUMMARY \

Thoss associsted with the camon field have long been interested
i techniquss Zor increasing the elastic strength of thick-wall
cylinders. 7This interest is demmatrated by ths early use i the
cannott field of such techniques as dare quenching, wire trapping and
shrinking, Overstraining beyond the initial elastic breakdown
pressure which 1s termed autofrettage, is another such technique that
was introduced to the camnon £ield early in the Twentieth Century as
& means of increasing the elastic operating renge of gun tubes,
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Up to, and during, World War II, autofrettage was widely utilissd
in the canmon field throughout the world, Tt was primarily limited,
however, to materials in the 65,000 to 80,000 pounds per square inch
yield strength rangs.

As & regult of the metallurgical advances mads after World War II
which resulted in significant increases in material strengths, the
swiafrettage principle for camnen applicatioms was thought unnscessary
and rather imprectical. Consequently, the design data and criteria
along with the high pressure technology fell far beldnd the repdd
incresse in gun tubo material strengths, Currsnt and future warfare
conoepts, however, are oonfronting those in the camnon field with the
requiremsnt of designing and manufacturing weapens featuring greater
acbility and bigher firepower than ever before thought possible. To
assist in meeting these requiremexits it is necessary to consider the
spplicatic. ¢ sutofrettage to current and future high strength light
weight gun tube design and manufacture.

Developed and described are empirical data and design criteria
for the application of the autofrettage principie to gun tubes in the
cerrent yisld strength range of 160,000 - 190,000 pounds per square
inch, The developed data, which is based on & nominal yield strength
of 165,000 pomds par square inch, is compared to various thick-wall
cylinder theories.

Bapirical data and relationships are pressnted for the pressure-
strain curve, the one hundred paroent overstrain or optimm
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autofrettage condition, parwsnént enlargement ratio, longitudinal
mmmwmmwuthmmtmé
mwmmmaummm::m.

Strain #stabiligatico¥, the hysteresis loop effect, sffects of
machining, and reverse ylelding are briefly analywsd and discussed,

A typloal experimentally determined residual stress distribu~
tion is presented and caupared to that predicted fram theary based
en various yield criteria,

he thick-wall cyliinder theary for the varioua stages of over-
strain is given and discussed,

The resulta dbtained from the testing of miniature syecissns in
the diameter retic range of 1,4 10 2.4 are complimented dy the auto~
fretiage of a series of four high strength 90am gun tuber of warious
design safety factors. The design technique for autofrettsgu of
gun tubes along with an example based an cne of the sbove 9Qmm tuvbes is
presented,
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design and manufacturs have used residual stresses; in ome fam o
snothwr, to counteract the oparating stresses, thus incressing the
eoffective slastic strength. The first attempt was made during the
ors of thick wall cast stee]l cannon which wers bore quenched, This
quenching procedwre induced a thermel stress grediemt of sufficient
magnituds to cause favoreble compressive residual stresses at the

bore,

I « HISPORICAL REVIEN
Bver since approximeisly 1850, those in the field of camnom

Other leter atiempts to induce compresaive residual stresses
&t the bore involved the wrepping of steel wire under teneion or
the shrinking of ons or more jackets onto & linr, .

AB eurly as 1872 Ssint-Venant (20) and others repcrted the de-
velopment of the wathematiocal relationships for the stresses in- 3
duced by strains beyond the initisl elastic breskdom coandition in i
thick-wslled cylinders. Fallowing this, sevorsl investigatcrs |
reparted methematical anclysss of stresses resulting from overstrain,
based upn several diffarent criteria of flow.

Barly in the 20th Century, Twner (25) proposed that overstrein
produced by the appilcation of & sufficient internil kydrostatic
Eeasare could be used as a substitute for bore quanching, wire
wrapping and shrinking as & seans of producing coupressive residual
bare stresses, MGmmWWMWncoﬁ-‘ :
tries and the Tited States for application t0 camon tubes in the
matarial strength renge 40 - 50,000 pounds per squere inch,

|




Later during World War IT the autofrettage prcoess was applied
to a large nmber of camnon tubss of &ll siges by several countries,
It was still generully limited however to materisl strsugths o
65,000 - 80,000 pounds per square inch,

Following World War II, however, new steels and metallurgical
advances made possibls the increase of material strengths to the
point whare guns were able to meet warfare requirsments without the
use of autofrettage. Consequently the deaign criteria, data and
technology amsociated with the use of autofrettage in cannon design
and mnufacturs fell far behind the repid increase in material
strengths,

Several techniques for inducing recidual stresses in gun tubes
by overstraining have been developad, These basic autofrettage
techniques are described briefly as faollowss

A -Qlossd Ind

In this mothod, s schematic of which is shown in Figure 1,
the ends of the tube are capped and hydraulic prossure intrcduced

into the bores 7The tude, bafare mtofrettage, has a nsar constant
cross section thus requiring & large smount of mchining afterwards,
No restraiming comtainers are utiiised, thus the process is limited
to relatively lov yield strength materials and small amounts of
daformation,
B - Jaresbic Packing

Tils process was primarily utilised by the U.S. Navy., It
cnsists of a movesbls packing configwation which i3 moved along
&mmmmsﬁnm1dtoum.amm.ma




section. 7This method doss mot utiliss restraining coctainers but
allows & resr final configuration prior to avtofrettaze, A
schamatic of this mrooess is also shom in Figure 1,
C - Open Jnd

This process was originally used by the U,3. Army Ordnance
Corps during World War IT on materials of 65,000 - 80,000 pounds
psr square inch yield strength, The tube acts as an open end
cylinder in that the presmire seals, ar packings, 2re constrained
by 2 press axd nrot the tubs as ghom in Figure 2. Contalners are
utilised both to permit redial oross section changes along the tube
length, and to permit the use of large permanent bore smlargements
and Mgh yiald strength mtarials without the danger of “ballooningw
ar inhomogenecus radial defarmstion, This process which has revi-
ously been limited bdoth from &n equipment and design standpoint to
low strength meterials is currently being adaptsd to ths material
yield strength range of 160,000 -~ 190,000 pounds per aquare inch.

D -~ Jwging

A now msthod of autofrettage in which the aliding wedge
principle is cosbined with direct or indirect hydrostatic presswre
or mechanically applied force has recently besn developed and is
described in & previocus repart (1), In this process, which is still
axperimental, the deformation gradient is produced by farcing a
mandrel, which is larger than the bore by a predetersined amount,
through the tube, It has prowen able to produce the smme axtafrote
tage effect at 75 percent less presswe than that required by ths
open end technique, One other added advantage is that sinne tlw




amount of rdial defarmstion i3 contrdlled by the major dameter
of the msdirel no external restraining ccantainers are reguired.
This process is shown in Figure 3.

IT - INTRODUCTION

Currant and future warfare comcepts are confronting those in
the canmon field with the problem of designing and mermufacturing
weapcns fwturing gretter mobility and hMgher firepower than ever
before thought possible. In terns of the gun proper, this means
that it must withstend equal or higher chember pressures than those
of current mmnobloc or stiunk constructicn, but with rudically re-
duced weight, The apparent soiutions to this problem are the
development and wtiilimetion of much higher strength to weight
ratio materisls and/or the use of design concepts and principles
to increase the effectivonses of the load carrying capacity of the
configuratian. Avtofrettage 1s cne such principle.

The purpose of this progrsm is to devzliop the dssign data and
eritarie, and to study the phenomencu sassociated with the applica-
tion of the autofrettage principls to current materials utilised in
gun construction which feature a yleld strength reange of 160,000 to
190, 000 pounds par square inch, Since this yield atrength is
Amost triple that on which the autofrettage principle was applied

during the World War II ers, previocusly developed design criteria
and techniques are inadequate and not spplicable for tocay's
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application,
A - Toe putofrettege Principle

The elastic breskdown pressure isx defined as that pressure
which just produces inslastic action or yilelding at the bore of a
cylindsr. Assuming 2 perfectly plastic material, in a thin-wall
cylinder, the elastic brenkdown pressure is very nearly the ulti-
aste or bursting pressuze,. ¥ & diamster retioc larger then thet
defined ar & wthin-wmll cylinder®, the inelastic regiomn, which
starts at the bore, proceeds tamrds the outside diamster as the
internal pressure is increased. After this first application of
mfficient pressure to cause initial yislding and the movemart of
the elastic-plastic interface sitha tovards or +oc the outside
diapster, a higher slastic breskdomn pressure will result. This
pressure, termed the autofrettage passure, can theoretically be
as mch as 83 - 100 percent greate, depending m the yield
oriteris utilized, than that for initial elsstic breakdom. IThis
concept of incpeasing the elastic breakdow prassurs by overstrain-
ing is Inown as autafrettage,

The mechanism by which the antofrettage effect iz induced de~
pends on the dafarmation gradient resulting from owrstrsining,
Sinos the mterial nsar the bore has been defarmed to a much
greatar extsnt than the material nsar the outside surface, the
resuitant effect upon relesss of the overstrain pressure, will be
that the outaikie layers wili: squsese the imner layers, thus
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inducing s tangential residosl stress that is compressive at the
bore. “Self-hooping®, the literel Fremch trenslatiom for the
term autofretiage, refers o this residual stress.

In order for re~yiclding to ocour in an sutafrettaged cylinder,
the residual stress, shomn in Figure §, must be overcass by the
strosses induced by the next spplication of precssre. A schamstic
repaesentation of tbe slgebraic summstion of the opsating and
residual stresses is shom in Figme 5, The limit of this susme~
tion where yielding will again start at the bore, utiliging the
Von Mises yisld criteria, is as fallowss

2" = (v + o) = (o ¢ oe)]® ¢ [(or ¢ o) - (05 + o) ®

+ Ba'¢c-.) - (ctﬁch)]'...............(1)
mﬁtbbmoﬂ-outwthq.ﬁmew
bheredn, oy = O

The sagniteds snd distribution of the residual stresses, in-
duved by subjecting & cylinder to pressures beyond initial elastic
breskdomm is a fusction of the interzal presswre, yieald strength
of the material, dismeter ratio, and locatiom of the elastic-plastic
interfaos.

Before discussing the mathematiosl developmnt of residual
stresses in thick-wall cylinders, it may be of assistance to under-

stand the mesning of two terme, that are oftem, but imorrectly,
used syncuymously. The percent overstrain in & thick-malled
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¢ylinder subjected to internal hydrostatic precsure is defined as
the retic of the distance to the elasticplastic interface fras
the bore to the wall thickness of the cylinder; 4.¢,

Mmm-ﬁxloo.q............(z)

One hundred parcent overstrain results when the elastic-plastic
interface diameter is equal to the cutside diameter of the cylinder
i.6. R »b, Overstrain pressure then is that pressure required
o produce & given amount of owsrstrain,

The percent autofrettage, howsver, is the ratio of the attained
residual stresses due to & given amount of overstrain to the maximm
theoretically possibls for a particular diameter ratioc. This means
that, depending on the dismeter ratio, 100 percent autofrettage mxy
be attained at less than 100 percent overstrain., This is the case,
MmWmemMan@cﬂmtormm
eylinders, in diamster ratios of preater them approximstsly 2.0 and
2.2 respectively,

The magnitude and distridbution of the induced residusl stresses
ia found Dy taking the difference betwaen the overstrain stresses,
and the elastic stresses at the overstrain preassure as greaphically
shom in Figure 6. The derivation for the residual strcsses in
open end thick-wall cylinders is given in Appendix I,

A critical parcent overstrain cam be reached sbove which the
induced residuxl stresses will cuuse ylelding in the reverss
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direction upon the release of pressure, This situation will occur
assuming g, = 0, Where oy, ® Gy wWhich will result at values of
100 pereent ovarsivain in diameter rutics greater thm aporaximataly
2,0 - 2,2, Whan this coofition exists, the above msthod of defining
and devaloping the relationships for the residual stresses is no
longar valid.
B ~ Progres of Jtudy
The purpors of this progrem iss

&, to develop the design criteria and data necessary to
apply the sutofretiage principle to current and future high strength
materials utilised in canmnon anc to study the elastic and plastic
phaomenk associated with such an application,

be to develop the required techniques and facilities fa
the sutofrettage of Migh strength gun tubes,

In the development of the design criteria and study of the
alastic and plastic phencaspa, the diamster retics and yield strengths
common to current cannon design and mamufacture are considered. In
viow of these current high strength meterials and the newessity for
optisum welight conservation, the dlameter reatic rsnge considered is
well below that associated with World War IT camnon manufacture amd
that of prime cancern to other current investigators.

Of prime importance along with the pressure and stress phence-
enon, are the strains necessary to accamplish optizum benefits. If
the zame strain criterion was used today that was considered a2

v




mirdeam during the World War IT era, the tube would undergo
ssrions damage and possibly rupture during autofrettags.
Devsloped under this program are ths data nscessary to design
a high strength gun tube for optimm benefit from auvtafrettage.
This includes ¢the study of such variables as, sutofretiage and

C o Ak Mondlp gy o e e

overstrain pressures, persanent enlargement ratios, longitudinal
strain and shrinkage, and the magnitude and distribution of the
resultant residual stress, Other variables such as ths effect of
thermal treatment on non-linearity, reverse yialding o the
release of cverstrain pressure, and the effects of post machining
on the strength of autofrettaged configurations are also inveati-
gated,

The primary dats developed along with that for associated
phencmenon, is compared to current theoretical elastic-plastic
concepts and summarised into appropriate tables, charts and graphs
that can be utilised for deaign purposes,

The practice or techniqus for autofretiage has, out of
necessity, undergone radical modification and re-development fram
that utilised for World War II gun tubea, The pressure capacity
has, of necessity besn increased by 100 percent which has resulted

in new equipment and procodgr%%:epta.




TR

i g AT T e e 45

' - - e
l .
'

i
H
H
\
i
'
i
|

'

i

. H

T

T L L cRE R

e Sty w e v e -

IIT - DESCRIPTION OF TESTS AND APPARATUS

The description and discussion of the testing procedure ard
oquiment will be divided into two categories consisting of that
associ wted with 1* internal diameter mintsture specimens and full
scale 90mm gun tubes,

A -1 Inch Bore Dismster Speciuens
1 « Test Specimans
The specimen gecmstyry consisted of a common indtdal 1 . ¢h
bare diameter with a length of 11 inches., This length wes deter-

mined to be great encugh to overcams end effects in the largest
diamater retio investigated,

The specimens were of 8 ({340 stoel of the following chemdi-
cal analysis:

Carbon 0.37 Rickel 2.39
Mnganese .72 Ctramiom 0,98
Silieon 0.8 Wolybdenum 0.38
Sul phur 085 Phospharcus 0,016

Thcy were cbtained from billets 80 inches long and 4.25 inches in
diameter which were gun drilled and cut into two 40 inch lengths.
Thess lengths wers heat treated by austenixing at 1525° F, odl

quenching in the longitudinal direction and tempering at 1075° F ¥
25° with a resultant nominal yield strength of 165,000 pounds per

10




square inch. The 40 inch heat treated bars war:s then finish
reamsd to 1 inch I.D. and thres 11 ineh specimens cut from each
bar., The seven inches of remuining material was utilised to
cbtain taurile and charpy specimens. The specimen physical
property data is tabulated in Table I.
z - pestraining Containers

Preliminary sxperimentation was conducted using seversl
specimens, renging in diameter ratio fram 1.4 t0 2.4, to deterwine
the vndformity of strain slong the specimen length. Dus to the
nateral inhamogeneity of material, particularly at tidis high
strength level, large variations in plastic dilation were noted,
both along the length and circumfersmtizliy. 7To insure uniform
deformation tiroughont,; external restraining containers wure
utilised. These cantainers were split at the balf-length point and
recessed to allow the application of strain gages to the spacimm
surface a5 shom in Figurs 11. They were fabricated from 1045
steal, heat treatad to appraaimately 130,000 pounds per squars inch
yield strength. Tho diameter retio was 1.5 for all containsre, one
set being provided for each nominal specimen diameter ratio,

3 - Prassure Seals

T™he seal configuration uced as shown in Figurs 7 was of
thw wnsupported area type consisting of an =0 ring and an amealsd
1020 stesl ring which is forsod up an Luclined plans, This con-
figuration wes chosen as being the simpisst and most troubletres

i1
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over the largs rangs of prossunes, permanent bore enlargements,
and diamster rstios encountared in this izwestigation,

4 - Test Apparetus

The preesure source as shomn in Figure 8 was & 200,000
pounds per square inch 10 oubic inch per minuie intensifier type
pumping eystea manufacture’ by the Bmxwood Engineering Company,
This system has an intensification ratio of 1001l with a low
pressare gourcs of 2000 pounds per sgquare inch and a charging
prossure of 10,000 pourias pa squars inch,

Fressures were measured with & Manganin cell and a ¥heat-
stone bridge. This Manganin pressurs measurement system was
calibrated on a contralled clearancs piston gage as shom in
Figars 9 which wtilises a keomn welight supparted on a free piston
of known sresa. The unimomn pressure, which the Manganin cell
msasures, is introdnoed into the bottom of the cylinder and the
piston floated. From the known weight supported by the pdstom of
a specified zres the pressure can be determined to an scourecy of
Csl percent,

The specimen strain during the applicaticn of pressure was
msssured by SR4 type strain gages attached to the outsids surfsce
of the specimen midpoint, An SR-{ strein indicator was used o
most testa for measuring the strain. A photogreph of the physicai
strain measurement setup is shown in Figwre 10, Supplsmental dsts
was cotainad using & Noseley Nodel 28 X-Y recordsr, This recorder

12
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simg]l tansously measured and plotted outside surface strain snd
prepmre,; It waes calibrelicd by W% use of @ accurele shunt
resistance in one arm of & four arm bridge,

The owerall experimental accurecy depended upon the
mangadn cell and Wheatstone bridge in the pressure msasurement
system, and strain gages, Sh-} indicstar, X-Y recorder and &sso~
cisted strain recording equipment in the strain measuresent i
circuit, The estimated error, including the kmman slement was ap-
rradinetely 1 percent in the pressure msasuring system and 4 %
percent in the struin measurement circuit.

5 = Test Procedure

A3 has beer previously stated, all the data in this study
was obtained from cylinders laterally supported by restraining con-
tainers during sutofrettage, The predicted percent bore enlargemsnt
was contralled by varying the outside diameter of the specimen thus !
controlling the subsequent expension of each specimen, In order to 1 -
determine whem the desired percent overstrain was cbtained, td- con- i
teiner was strain gaged using SR-4 type, A-7 gages tangentially
directed and diametrically opposed at intervals along the length of !
the container., Whem & amall but substantial reading (generally
between 100 and 200 micro-inches per inch) was obtained on all com-

tainer gages, it was assumed that the specimen had wniforaly
cantacted the contairsr and unifore plastic flow achieved,
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Strein readings from the two tangential gages cu the mid-
osction of the spscimun were recordsd at appropriste intervals of
induoed internal pressure, From these Gata, plots of intermal
pressure versus sxternal surface strain frog both tangmmtial strain
gages were made for increasing and decreasing pressure. On a fw
tests, longitudinal strain was measured by using longitudinslly
oriented strain gages,

Fhysicsl dimensions of the bore, external dicaster, snd
length were measured before and after sutofrettage utiliging screw
slcromsters and disl bore gages to an accurecy of ¢ 0002 inches.

The applied pressure, vhen using the SR- strein indicator,
consisted of increments of 5000 pounds per square inch to the
slastic breskiom pressure, 2000 pounds per square inch to within
2,000 povnds per square inoh of the overstrain pressure as pre-
dicted from preliminary testing, 500 pounds per squars inch to the
overstrain pressure, and 5000 pounds per square inch on pressuvre
release, When the X~Y pressure~strain recorder was utiliged the
pressure was continuously applied at a slow rate. @ood agresmsnt
ws obtained betwesn the two procedures.

In order to duplicate, to ths grestest extent possible,
the conditions tc be sncountered in the fvll-ecile sutofrettage of
gun tubes, the dalay, or ®stabilisstion® period for the msasuremsnt
of the increment of straix produced by & pressare chengs vas
meinta.ned at appraximsiely 30 scconds per reading, Soms specimens
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were tesied, however, allowing complets strain =stabilisstiou® at
each pressure increment. 45 will be discussed, the use of a short
"stabilization® period did not significantly change the results as
darived from the pressure-strain data and it allowed the testing
of a large nusber of cylinders in a limited period of time,
B - Ful) Scale 90m Qun Tubes

In order to fully evsluate tho data obtained, & series of
90mm gun tubes were autofrettaged ancd service tested. These tubes
wers autofrettaged with a 200,000 pounds per square inch, 70 cuble
inch per minute punping system similar in principle to the smaller
unlt previocusly described. In this system as shown in Figure 12,
o doubls-acting intenaitiers oparate in parallel. This arrange-
nont yields a greater volumetric capacity md incressed relis-

bility under extreme pressure caditions,

For safety purposes the high pressure portica of the systea
asz wall s the holding press for the gon tube are installed below
floor lswvel. The contrals for ths system shown in FPigure 13 are
isolated from the high pressure partion of the facilities.

The four tubes were autofretiaged by the open~end process
shom in Figurs 2. They were placed in a ten miilion pound press,
and constrained along the length by containers. In this process,
the 10 sdllion pound press serves to restrain the presawre seals,

and also to forze the gun tube out of ths contziners after auto-
frettage. This is necessitated by ths tube being of near-final

15
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canfiguretion priar 10 autafrettage. Therefore the musisle, which
s & much lownr diameter ratio than the treech-end, tands to fit
rathar tightly into the cantainer after autcfrettage. As previ-
ously senticned the restruining caitainers insures wmiforwity of
plastis defurmstion and control the maount of deformation 4n
light of the dimmeter retio variation over the length of the tube,

The pressure seals were of the same design &s those utiliged
in the ministure ecale testing. Thes technique for designing a
tubs for smutofrettage iz showmn in Appendix IY.

All tubes wers ssrvice tested with the life criteria being
+200 inch wear at, or just in fromt of the arigin of rifling, or
the development of serious inmaccuracy,

III - TES® RESULTS AND DISCUSSION

A - Eod Condition Anslvals

In the pressure sedl configuration utilissd in the 1 inch and
full scals testing, the seal was not mechanically fixed to the tiwde
or cylinder., However, since the steel ring moves uvp the inclined
plane of the seal hesd, there is 2 tensile longitudinal stress in-
duced in the cylinder from the frictional forces betwesn the ring
and the immer oylinder wall. Ais will be shown, however, this
stress 1s of low envugh magnitude so that the results cbtained more
closely approximated the open and than ¢losod end conditiom,




b
Hookss law defining the tangential strain in a thick wall
. cylinder st
: &‘i’[ﬂ‘v (aind-cg)j-l....‘....... ¢ s o s (3)
The defining equations for the elastic tangential (op) and {
radial (op) stresses in a thick-wall cylinder exposed to internal s
Pressure are: s
2 :
%-ﬁ;i. (10‘5) LT S T IR IR R ) coocou(&) 3 ‘
-—2—' "-b: 2 5 8 85 4 5 5 2 B 6 s 8 0 G v TP ES 0 |
% * 3 Q r.) (5)
Prom equations (3), (4), and (5), the slops of the elastic partion L
of the internal pressure-outside surface-strain curve for various ‘
ox conditioms is as foilowss
g
1 - Closed Bnd Lo
Atr =D !
G = 0 ’
:
oy -i:-—_l
and ;
i
P_¥a "
T%z“' .o.--c-ont-bocoena.-...(6) i
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3 - Restrained End
1 Atr =D
,; a =0

o= R

and

%-{&5, Y -

The alopes of the internal pressure outside surfuace strain

YR

curve o8 a function of the diamster ratiocs considered in this pro-

|

graa for the closed, open and restreined end conditions and that
axperimentally determined are shown in Figure 14, From the figure
it i ceen that the physical condition encountered in this experie
mental program corvelstes closely with the open end conditiom.




B - Klastic Breakiosy

The plot of intercal pressure versus outside sarface strain
is linsar up to thw initdal yield or elastic breakiom at the
bore. 7The exparimental vwalues for the elastic breakdomn pressure
were averaged far esch dissster retio and plotted in Figure 15 as
a function of pressure factor virsus dismeter retio. Por campari-
son the theoretical slastic brezisioen presmire factor based on tiw
Yor Mises and Tresca yield criteria for the open end condition axe
&lso shown, Pased o the Von Mises yield criterion elastic break-
dom ogccurs when

P.’c% oaootmooeoaooo-o-.ooo(g)

Froa the Trescs yield critericn elastic breakdomn iss

Po¥e ‘!i aO)

f a & ¢ & 6 & 8 &2 & 0 ¢ s s e s s s

As oin be sean frm ths Jigure, thare is close correlation be~
tisen the sxperimsntally deterwmined and the theoretical Van Mises
elzstio breakdomn conditicn. This again Justifies considering the
test condition as opsn-end,
¢ - Qvervireln

Theu the internal pressure sxceeds ths alastic breakdomm pres-
sare, the slastic-plastic interface moves from the bore towards the
outsids diameter. This mvomsnt is a function of the iaternal
pressuzre, yield strength, diameter retio and the strein hardening
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coefficient or capabilities of the mmterisl, However, the strain
herdeming eff'ect in the yield strength level considered is rela-
tively mmll, |

The theoretical relationship betwesn the internal pressure
A T and looation of the elastio-plastic interface according to the
i Tresca criteria of yleld is from equation (23)of Appendix I:

P

4 = - (1)
R=5-_ 1«;4’% 1“: TR EEEEEE n

Since current and future cannon design will be btased on |
diameter retios rarsly excesding 2,2, this experirental program
is orimarily bdased on the 100 percent overstrain condition., At
100 peroent overstrain, i.e. wvhere R u b, equation 11 becomes

b
Po,:%lbg; 5 4 ¢ 2 & ¢ 8 P L B 8 s s P G e Bt e e (12)
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¥rom the experimental data, the emplrical relationship for
the pressure required to produce 100 percent overstrain ia:

P°=1-080&108-3-.--....-...,....(13)

This empirical relationship is compared to that for the Tresca
yield criteria from equation 12 in Figurs 15, It can be seen
that as the diameter retio incremses, the ratic of 100 perownt
overstrain pressure to eiastic btreakdown mressure also increases
for the rangs of diametar ratios considered, It should be noted,
however, that due to the reverse ylelding phencmenon, at dismeter
ratios of greater than approximately 2,0 ~ 2.2 the sutofrettage
pressure may be lower than the 100 percent overstrain pressure.
This reverse yielding phenomenon will be discussed further,

As previously discussed, 100 percent overstrain is defined as
the oondition whers the outside surface just becomes plastic, From
a first ap;n‘oximtion, this condition ocours when the tangential
strain (6t) on the outside surface oquals the strain assoclated
with ylelding of the material under uni.axial loading as follows:

6y 8-;! vhere %t = %

[~ 4
This condition, 1,e, vhere O = 9%~ is shown in Figure 16 which is a

dimensionlass plot of the pressure factor{.; versus cutside surface
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straln factor %:5 for o ¢ilsmwter ratios investigated. These

curver were derived by & oaging at least three specimens for sach
noxinal incremsnt of permenent bore enlargement, Mrom the migni-
fioant levaling off of the curves, it can be seen that 100 percent
overstrain was attained at the predicted value of wteide surface
strain,

Also showm in Pigure 16 are theoretical pressure factor-
strein factor curves for the diamster ratios investigated. This
theoretical relationship will be developed based on the Trescs
Tield Criterion. Assuming the Tresca Criterion will of course
imtroduce a small inaccurecy at the elsstic breakdown condition,
1.8., When B = &, but it doss not appreciably effect the overall
curve shaps.

Referring to the figure and eguations (15), (17) and (18) of
Appendix I, the stresses in the alastic region of a partially
overstrained cylinder are:

T U . S

a,.,-x(l- ) ¢ T

%

0,-'0 ® & 2 o8 s & 2 0 0 83 B EEGBO (16)




Where it is shown that:

x=%#

2 v°

At R w b, assuming o, = O and incorporating the experimentally
dstermined proportionality factor of 1.08 for the 100 percent over-
strain condition

1.08 %4 5 %

Qonce....!&'!.cb!!.nll(17)

2ZWEZO oo oessoseessocsases (18)

By definition the 100 pereent overstrein condition is:

e E ROy ..t iiicrnerecancaeeaee (19)
Substituting equations (18) and (19) into (18) and solving for R
yields

az=smbz..."..".'..-......
qu (20)

Trom equatdon (23) of Appendix I and agein incornorating
axperinental results for the constant, ths mressure to produce
plastic flow to a depth R is

I‘R.I.OGWIQ'E‘*LOQQ hg-;ﬁ- ..o ()

Substituting squation (20) into (1) ylelds

Stne W 2 Sthe E

’.'1-—-——--

$a08 0r
Pa E“‘ 1.08 oy 1.08 oy (22)
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canverting equation (22) into terms of pressure factor and strain

factor yields ibe following theoretical relationship for the 5
pressure factar-gtrein factor curve,

POY'O“[l"’S’!.’IO‘s'? ] - & 6 0 » 2 & *t & @ B (z)

As can be seen in Pigure 15, good sgreement is cbilained
between this thacretiosl relationship and the experimental data.

Froa the inherent inhamogeneity of material, as exsmplified
by deformmtion bends, Luedars' lines, and minor variations in
basic yield strength throoghout the specimen, there will be some .
devisations in the msesuremsat of the oversirain conditiom, i,e.,
ons podnt of the specimen may be overstruined before another, The
spread in overstrain data with respect to pressure, however, is not
great anc the average can be considered valid for deaige purposes,
D - Permnest Bnlargesmt Batio

Since it 13 much more sconomical and advantigeocus to auto-
frettage gun tubes in or near the final configuraticn, that is,
with dlameter ratios varying from 1.3 ~ 1.5 st the mussle %o 1.9 ~
2.2 at the breech and, it is necessary to use some form of re-
streining cootainers. The internal diamster of these containers is
denigned to yield & given smount of deformation in the contained
tube sectian, 1In the design of the tube and containers to cbtain
optimm satofrettage effect with mindmal permanent bore enl srgement,
it is nacessary to know the relationship batween the permment bore

%
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and outside diameter enlargement,
Permanent enlargenent retio (P.E.R.) is defined as the ratio
of the perwanent enlargement of the bore to that of the outside

dameter. From the data it appears that this retio is independent
of the amount of pearmenent enlargement for diameter ratios not
exceeding 2.2, Therefore 2ll date for a specific diameter ratioc
was aversged and plotted as a function of diameter ratio as showmn

in Figure 17,

Also shown in Figure 17 43 a plot of a theoretical relation-~
ship for permenent enlargement ratio which is developed as
follows assuming thats

1. The only volume changes in the plastic region are '
elastice. °

2. The longitudinal strain is wmiform throughout the i
cross section,

3. g = §

From Hookes law

5t+5r+5tu(1;2v) (at-ror#c‘)........- (a) ' a

Substituting equations (20), (21) and (22) of Appendix I into
{(24) and defining &t and 5y in terms of u ylelds:

du u_ oy r g w
mp— — 1- 2 l - — ® o 9 ¢ ¢ = B
=T % (1-2v) ( °¢R+;;)+ 2 (25)
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Solving equation (25) for u using the contimity of displacement
scross R as shown in squation {19) of Appendix I results im the
followirz relationship for radial dlsplacemsnt under i;ntml
proeasures

o r 1\ R% o

z R 2, & <
Yor the 100 percent overstrain oonditiom, 1.,e., R u b, the
enlargment ratio under interoal pressure is from squation (26):

U ¥ log ¥ v
(—;)PQ:(I-;-)"—(MV)(—T"'E) 000-0000(27)

The permsnent enlgrgement ratio is determined by subtracting
the elastic recovery at ths bore and cuteide surfaces as determined
froo equation (11) of Appendix I from the displacement at pressurs.
Aspaming Vv » 0.3 and the 100 percent overstrain condition vhere
Pozaylogﬂ,yiddltormpmtdarcmntnuo:

m.;ssvz-.41a¢v+.1s-(.v+1aw")(ﬁ). o

u-al( ﬁ)

™his reduces tot

l’!l..SSU*’%E """""""-0000(29)




It can be shown that the above relationship for permsnent
enlargement retioc is valid for cases of lesa than 100 percent
overstrain by simply determining the radial displacement as a
function of the elastic.plastic interface radius, and subtraciing
the elastic recovery in much the same mammar 28 in equation (28).

It is interesting to nots thit the ssme permanent enlarge~
mert ratio relationship can be developed from the basic assup-
tion of no net volume change as & result of overstruin,

As can be seen in Figure 17, the exparimentsl values for
persanent enleigement retio tend to coincide clomsely with the
theoretical. Tt is interesting to note, that in thoss casss
where 100 parcent overstrain did not occur, the values for perma-
nent snlargewent retio did not differ from those for 100 percent
overstrain, This tends to substantiate the use of the thearstical
relationship for overstrains of less than 100 percent,

Although the experimental data for Figure 17 were aversged
for sach diameter ratio, a very slight decrease in permenent
enlargement retioc was noticed at permanent enlurgoments greater
than 1.8 percent in the 2.4 diamster ratio. This phenomsnon,
although small, is assumed due to reverse yielding that is
expected at 100 percent overstrain in diameter ratios greater
than spproximately 2.0.
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E - Permanent Bore Exlargement

A8 shomm in Figvre 18 which is au sugineeéring stress-strain
curve for the material used 4in this program the margin between tlw
defined yield and the uliimate tensile stretngth is extremely smail.
In the case of & thick-walled cylinder of this material then, ths
difference between the 100 percent overstrain pressure, and the
wltimate or wupture pressure is dlsoc extremely small as can ba
noted frox Figure 16 for various diameter ratios, In light of
this zesl} pressure incremsnt between the 100 percent overstrsin
and rupture condition in the dismeter ratios considered, it ia
necesary to know accuretely how mach permansnt snlsrgement is re-
quired to attain the optimum amount of overstrein, It is alsoc
extrangly important to utilize the amallest amount of plostic de-
formation necessary to attain 100 percent mutofretiage in order to
minimize posaible impairment of the low temperature toughness
properties of gun tubes,

In the diametor ratios considered in ihis progras, it was
verified, from both the pressure-~strain and residual stress
analysis data, that optimum or 100 percent autofretiage was es-
santially atiasined by 100 percent cversirain, which agrees xith
theory. As proviously discussed, it awy not be completely neces-
sary to resch 100 percent orerstrain in the 2.4 ddameter ratio.
However, since a small amount of reverss ylelding is not considered
harsful, 100 percent overstrain was considered optimum, This was
considered so since the differsnce in permanent bore enlargement
between the mdnimm amount of orerstrain to get 100 percent auto-
frottage and 100 percent overstrain wis small, and actually

b
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within the allowsdle error on a full acale tmbe,

Figure 19 shows a plot of peroent permanent bors enlarge-
ment to produze i00 percent overstrain, The experimentsl points
vwere dotermined in the marmer ghown in Figure 20 Yy plotting the
value of outside diameter strain (5b) versus the percest bore
stlargessnt obtained. The percent bore mnlargement that was
raquired to moduce 100 percent overstrain is deterwmined for
each dismeter ratio Ly the intersection of the horisontal lime

fcsbo-&-.
z

Also showm in Pigure 19 is & curve ghowing theoretical
values of percent bare snlargement to produse 100 peroent over-
strain, The theoretioal relationship plotted 1a dexived by
substituting R = b and r = & into equation (26), The radisl
displacement of the bore at 100 overstrain iss

u‘oz?—-[(l-xz')“z'(l-zvfmu*%. e " s e (30)

The slastic recovery at the bare from equation (11) of
Appendix I assming P, = %y log V 1ss

W
' i Blw)wz*»(l-vﬂ....... (31)

I 4
Y, %3 ¥

Subtracting equation (31) from (30) yleldss
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Forv =03

%,mzsl- (s, ]Ea?%]xlw. « o (39)

As osn de sesn in Figure 19, the experimsntal valnes correlste
vary woll with, and substantinte the theoretical walunes.

? - Rasidugl Styesses

Tilining the stress amlysis techrique proposed bty Sachs, the
residual atress patterns indused wese amelysed and compsred with
theory, The plysical setup for this technigue is shown in Migure 21.

Pigure 4 shows a typleal amlysis for & 100 percent over~
strained 2.0 dismeter ratio cylinder, Also shown are the theoreti-
oal residuel stress distributions besed on the Tresca yleld
eriterion, The theoreticsl relaticuship for these residual strececs
based on the Tresca yield ariterion are, ss shown in Appendix I,
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As can be seen in Pigure 4, good correlation is obtained de-
twesn the theoreticel and experinental results,

In the residual stress aralysis, and as shown in Pigure &, & é
substantial longitudinal residual atress has besn found, This ';
longitudinal residml stress has been assuwed by wost investigators i
to be amall and is usually neglectod. It is of interest to note, |
however, that it does axist, and that it may be of sufficisat
mgnitude to be considered, 1Although g more cowplets analysis
of the longitudinal sz wall as the exrtire residuul stress pdoture
will be sommarised Iin a future papear, dats gathered to date indl.
cates that it does wary with the smount of overstrain,

Closely associated with the "boring oat® technique for the )
analysis of reaidusl stresses is the effect of machining on the ;
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sutofrettags pressre and the residual stress distritution ond
mgnitude., This is an ixportant consideration since gun tubes
are Malshed reamed and rifled after sutofrettage.

Prelinivary experimentation sssociated with the evmaluation
of the effects of machining after autofretitage have shown an woex~
plained deviation from thevry, One such case consisted of & 2.2
dismeter ratio specimen which was 100 percent overstrained and
than bored out tn s 1.8 ratio ad represmerised, It would be ex-
pocted that the resultunt autofrettage pressure of the machined
speoinen would be equmal to that for a fully overstrained non-
machined apecimen of equal diameter ratio, As shown in Figure 22,
howvever, viich iz the pressure factor - outside surfece strain
factor curve for the reapplication of [wressure, the autofrettage
messure for the machined 1.8 dimmeter ratio cylinder lies sig-.
ndficantly above that for the non-machined, Alsoc it shounld be

noted that even though the antofrsttage pressure was excesdsd in the

machined specizion, thers is a decided decrease in non-linearity or
hysterssis loop effect ocowrring wiihout thermal treatment, This

vould be axpectsd however since the more highly plastically deformed

mtarial was removed during boring, Although more work is planmed
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in this ares in order to wore fully understand this deviation
from theory, it can be oonsidered that the effeot of machining in
at least no greater and possibly less than anticipeted from the
dianetor ratic decreass,

G ~ Reverse Tielding

As vas previcusly stated, vhen the magnitude of the tangen-
tial residual stress sxceads the yield strenglh of the material,
1.0, vhers Ttr = 65' assuming 0'” = 0, the cylinder will reverse
Yield, causing a redistribution of the reasidual stresses. By
aqating equation 34 to %y it can be shown based on the Tresce
yield critarion thmt this condition will ocenr at 100 percent
overstrain in coylinders of diameter ratios greater than approxi-
mately 2.22,

The peaximus thaoretiocal ratio of the auntofrettage to initial
elastic treakiown pressure can be determined by considering the
condition for reylielding, at the bore, of an sutofreitaged
oylinder, Based on the Tresca yield criteria reylelding will

ococur vhens

‘y:(o‘i‘-fc“ﬁ')—o; T T T R S O N T Y T I I ) (3‘7)
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From this the 100 perceut autofrettage pressure, sesuming that
Oy ® Ogy © OGp £ 0 and o, £ -~y 1

w2
P-%-“i-l ® & & ¥ ® B T & A 6 & 4 4 0 ¢ ¢ s @ (33)

Comparing this to equation (10), it can be seen that the maximm
sutofrettage mressure iz twice the initial slastic breakdoxm (res—
sure and that this ratio is independent of dimmeter retio,

2ased on the Vo Mises Yield Criterion the reylelding condi-
tion 1is defined by:

252- D"’t* %) -u;.] 2i g+ +o)? o (39)

and meking the same esmmptions ss in the case of equation (38)
the 100 percent sutofrettage pressare iss

Wh_BR 1
Pgwﬁw— e s e s s e s s es e e s (4O)

Comparing squation (40) with emuatiun (9), shows that the maxiram
attainable antofrettage pressure is 1.85 timos the inttial elastie
breakdcwm pressure. It sbould ba noted however, that this ratio i<
a =aximce at & ddamcter ratio of 2,03 and decreases slightly as the
dlameter ratic increases as shown in Figure 23,

In order to eva’mmte the occurrence of reverse yielding in the
upper end of the disweter ratio range investigated, : reral 100
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‘oot overstrained specimens were thermal treated st 500° P
tar five hours and re-pressurised., Shomn in Pigure 24 sre the in-
“rnal pressure faotar - cutside swrface strain factor curves for
2.2 and 2,4 diameter ratio specimmns re-cycled to the initial 100
percent overstrain pressure. The lerger amount of non-linearity in
the upper portior of the 2,4 diawster ratio curve as compared to
that for the 2,2 shomn in the same figure and the 2,0 dlameter
ratio shomn in Pigure 25, indicates that some reverse yiolding
robably bas occurred in the 2.4 speciasns, The camparitively
snall sacunt of non-linsarity in the 2,0 md 2,2 diameter ratios
is considered due primarily to remxining hysteresis. Alithough it
is axteemely difficult to differentiate between non-linearity due
to hysteresis and that associated with reverse ylelding, it is
indicated that the critical diameter ratio for reverse ylalding may
be closer to that predicted by the Tresca than the Von Mises yield
criteria, A more thorough avalysis of reverse ylelding in inter=
mﬂawﬁwnﬁuﬁnbemmdmcmmw.

H - Hysteresis Loop Effect

Bven in cylinders with a dismeter ratio of equal to, o less
than, the critical value above which reverse yielding occurs, &
form of non-linearity is exhibited upon the re-application of the
100 percent cverstrain pressurs as shown in Figure 25 which is for
a typical 2,0 dlameter ratic spscimen. From the figure, it can de
ssen that the affective limit of 1inearity on the continued
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re-application of intermal pressure egual to the irdtial over-

strain pressure, that the hysterssis Joop «ffect gradually
diminishes with a resultant incresase in the rangs of limsarity
and decreased psrmanent strein, In the case shown, this effect
is significantly diminished by 7 reapplicstions of the 100
percant overetrain pressure.

Cangidering the great sttrition of equipment when subjected
to the overaztrain pressures involved and potential progressive
stress damage aspects of recycling, a more sultable technique far
the elimination of the hysteresis loop effect should be con=-
sidered, Based on prior investigations, it has long been the
practice to thermal treat autofrettaged thickewull cylinders at
500 « 600° F in order to eliminate this phencmenon. Throughout
this investigation then, all cylinders were subjected to & low
temperature stabilization treatment cansisting of 500° ¥ for fiwe
hours. In comparing Pigure 25 to Figure 26 howsver, it is noted
that ¢he benaficial effects of this treatment in removing non~
linearity and the assoclated hystaresis loop are merginal if at all
axistart, Whether mor¢ beneficial affects miy be cbtained at other
taperatures, along with the potential gains to be realiged by
strair aging phenomencon is the subject of another current experi-

pantal program.
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I - Longitndinal Swinkege

The external profile of a gun tube priar to sutofrettage
along with the internal profile of the restraining contalners
¢losely approaches that of the fimished tube. It is necessary,
therefare, to consider the longitudinal shrinkage occurring dwring
autofrettage in order to obtain the desired amount of permanent
bore snlargement in a configuration having one or sewverel tapers.

The longitudinal shrinkage was msasured as the total specimen
shxinkage. There is, however, a short distance, usually less than
«75 inches behind the specimon seal that is not strained the same
a3 the midsection. Based on the data obtained by measuring the
undt longitudinal strain with SR-4 gages, utilixing the total
lmgitudinal shrinkage divided by the specimen length between the
seals did not introduce & serious error.

Figure 27 shows the permanent longitudinal strain divided by
ths pesrcent permanent bore enlargemant as a4 function of diameter
reatio, There was no systematic varietion in longitudingl strain
as a function of percent permansnt bore anlargesment in the
diameter ratio range investigated so all data were averaged for a
glven diameter retio,

Also shown in Fgure 77 is a theoretical longitudinal unit
strain curve as & function of diamoter ratio which i3 developed as
Iallows assuming thats
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A, During expansion, at r = b
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B, Al perpndioular plunes remsin perpsadicular during
deformstion,
From the sssumptions, at r g b
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As oan be noted, thers is poor correlation between the
theoretical and experimenta] results., The axperimsntal data avre

satisfied by the following empirisal relationship:
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J - Strain Jtadbillmtion

™he "stadiligation® tims allowed for the reading of the strain
associated with a given pressure during testing was held to
sppraxingd ely 30 seconds in order to more clossly duplicate the
conditions ensountered in the full-scals sutafrettsge proocess. In

order to detarmine, however, howr much the results of this testing
poosdwre deviated fram that for a true strain stabilised condition
& sariss of tests ware porfomed with the preammre being held at a
7 level until the strala sttained m equilibrium valus.
Pigure 28 shove & compsrison of the intermal pressurs factor -
outaide smurfsce strein factor curve for the strein ®stabiligedw
condition as compared to the typs encountered during normal testing
prectice. The change in strain with time at ssveral interml
presmnre levels in a 2.0 ddamster ratio specimen is shown in
FMgae 29. Although there is a signdficant change in strain with
dme, partioularly ss the mressmure lsvel approachse the 100
percemt overstrain omdition, it lms 1itils effect on the internal
pesare outxide surface strain results, The testing prooedure
then not anly dupliontes the full-scale autofrettage practioce, but
intreduces only negligible experimsental error as compared to the
wstabdlined® conditica,

Also as & mtter of interest, the specimsne utilised for the
stady of the strein-time effect were re-cycled to the inmitial




- overstrain prescure sevaral tines, with the pressure sgain beirg
B34 of sash padnt Wil e stesia wo longer chamged. The Wpe
of ixtermal precsure versus cuiside murface strain remlts ob-
tained campared clomely with thet for a specimen re-gycied wder
noguel testing practice, ilthough to be & subject taken uwp in a
Jater teport, 4t is indicated that the longwr hoiding tiwe at
pressure has 1ittls affect o the mgnitude of the hysteresis
locy phenomence in the steel md strength isvel investigated,
K - Full Sise Gun Tubes

The data and design criteris developed in the miniature
specimen program wes complimmnted by its application to full
siss ga tubes, In the sutofretiage of a series of foxr SOms and
Mmﬂ;amwwmcﬂmmmmmm
expariamtal data for the deaign of the tube and containers,
axcallent correlation was dbtained between the predicted and
actual results, In all cases the smpirissl overstrain pressure
to attain 100 pesrcent overstrain correlated very wall with the
experinsutal data, The 100 percent overstrain candition in the
full sige tubs was determined by using linear differsntial trans-
formers inserted through the containers and bearing on the tube
during defcrmtion, The lmgituiinal shrinkage experimental date
was also substantisted by thess full scale apriiocatioms.

There was & slightly lower permmnent bore snlargemsut noted
oo the full ziss tube than as predicted by the data, This ws
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attributed to thw yidld stremgth varistion soewmally found through+
ot & seotion s lavge and as long as a gun tubs. In cader $0
accomcdate this yield strength varistion 25 peroent greater
permamact bore snlargemsnt than the predicted smount required to
produce 100 percent overstrain 2e utilised in praotice for tube
and conteiner design. This value, is not great enough to
sericusly effect the low tempersture toughness propsrties, but
large enough to insure 100 paroent overstrein tiroughowt the tibe
regurdiess of strength variations.
| The for experimental 90mm tubes as schematicilly compared to
the 90ma Mi1 in Figure 30 had 2 yield strength rengs of 171 =
180,000 pounds per square insh. Two tubes wore deaigned with a
design factor based o the data of 2.0 and the remaining two en
1.55. These factars yielded tibe weighte of 850 and 640 pounds
respeciively a3 compared to the 1580 pounds for the owrrent 9Gm
¥l nm-avtofretteged tube. This safety factor howevar may be
sunswhat misleading aince it includes ths omversion from copper
to trus presswre (appraximately l.2) and an allowmnce for the
115 percent overpressare rounds encountered during sexvice and
proof testing. The true factor of salety then, based a the
mwwmonnmi.wmwmctqm

In the service testing of the four tubes, no ps - ment dave
enlargsaent was noted, sven as & resull of the 115 percent over
precsure rounds, and with the outsids diameter of the tube being
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at 500° ¥ orer a sstantial portion o the test,

The accuresy of the tubes, wirlch could be affectad by the
greater bare dilaticn and "whip® dus to the thinner walls, was
¢amperebls to that for the cuwrrent 9Omm M1 gun. The wrosion, o
wesr rets, which could also be effectad by the greater bore
dlatiom was not grester thm, and in fact, was somewhst less than

tiat axpectad in a comparabls, thick.wall noo-chromiue plated
tube,

¥V - CONCLUSIONS

Based on the mintsture specimen study, and the suocesaful
antofrettage and service testing of & series of S0mm gun tubes, the
autofrettage principle and proocess as described, represents a
foasible mears of incressing the elastic dreskdom presswre of
intermedisate diamster retio cylindwrs at the yicld strength lewel
of 165,000 pounds par square inch while mintaining design ssfety
factor ss small as 1,12, Utilizing the design dats and criteria
presented, and the open-sud autcfretiags process desoridbed, it is
possible to design s msnufacture high strength g tudes
featuring weight reductions of up to 60 percent ar incressed
allomble chamber pressures of as graut as 10C pexcent as comparad
t0 ooo-sutofrettaged aano-block constyuction of the sams besic
strength lewel,




¥ore vork is currently under wxy in such fields as the
progressive stress damsge aspecis of highly stressed antofrettaged
oylinders at ambient and elswated tempsratures, the effects of
teaperature from the standpoint of eliminating the hysteresia loop
offest and stress relaxation, machining effects, revarse ylelding
phencmencn, the residusl strees distribtutions charscteristie of
warious sutofrettage techniques, and the application of auto-
fretiage to mterials of over 200,000 pounds per square inch yield
streagth, Hovever, fros this atudy the following points concerning
the application of autofrettage to materials of naminal 165,000
pounds per square inch yleld strength have been esteblished,

1. The experimentally detormined initial elastic breakdoun
pressure over the runge of dimmetar ratios investigated correlates
more closely with that prediotsd by the Von Mises than the Tresca
yield criteria,

2. The conatant X in the relationship for the 100 pargent
overstrain pressurs as a function of dimmeter ratio and yield
utrungth,i.o.,I'.!nslu“,\nsdatm:\nadtobel.oeuom-
pared to 1.0 as predicted from the Trescs yield criteriomn.

3, The intermal mressre - outside surface strain data far
the digmeter ratio range investigated can be predicted by an
enpirioal relationship,

G, — . | -
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ke The expwrinantally determined permanent enlsrgmaent retio
for the 100 percent overstruined condition as a fumotion of
dlameter ratio correlates well vith that theoretiocslly developed
which i based on the asmmption of uniform lomgitudine) strain
throughont the croas seetion.

5. The psrmenent enlavguont ratio is indepssdent of the
mgritole of oversirain in dismeter ratioe less tham 2.2,

6. The expurimentally deternined permsnent bore enlorgement
to obtuin 100 percent overstrain substantistes thet theoretically
prediotad 1f & Folosonts ratio of 0.3 is assmed,

7. The determined resitm] stross &lstritution correlatss
closely vith that predicted by the Tresca yleld ariterion,

8. A sudstantial longitudingl residre’ stress exists and has
shown to vary vith the magnitude of overstrais,

9. Prelimimary axperimssitation hac shouws that the dssmging
offects of maclining efter axtofrettage are no grester, snd
possibly less, thar would be predicted from the change in dameter
ratio,

10, Reverse ylelding was noted in the 100 purcemt over-
strained 2.4 dlammeter ratio mut was found to 4» insignifisant in
the 2.2 ratioc which tends o substantisie that predicted frem the
Tresss yleld criteriom.
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11, 7The maximum theoretical retio of sutofrettage to
initial elestic breakdiom pressure bLased cn the Trescs yield
criterion is a camstunt that iz indepsndent of dlamster ratio
shore a diamcter rutic of 2.2, Based an the Von Mises yield
eritericn, the ratio decresses above & critical diamster ratio of
appraximately 2.0,

12. The nwn-linearity asscciated with ths hysteresis loop ;
effect can be significently decreassd by a amall number of re- 5

oot e e o

applications of pressire up to the originel overstrsin pressure,
The thermal treatasnt camsisting of 500° F fa f£ive hours does ot
significantly reduce the hysteresis locp effect in ths streangth |
leve] investigated.

13. A large discrepancy between the exparimental results and .
that thearetically predicted was noted in the case of the mgitude 5
of the longltudinal strain as a function of percent permment bare
colargemant ard diameter ratic, The empivical reistiomabip based »

o the exparimental results should be used for design purposes,
%. The mgnitude of the psrmanent langitudinal strein doss
not vary with the magnitude of the overstrain in the renges inves-

tigated,

15. The sspdrical data developed on mimiature specimens is
valid for fall size gun tube spplications.

1%. ¥o persenent bore enlargsment was noted during sexrvios
testing of avtofrettaged full size gun twbes deaigned with & safety
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Sactor of .12 wre vien the ovteide surfuce tempertt during

firing sporoscted SO0F ¥, 9e agovrsey and weir Tates were

soEperahis o ntheeielretiaged thhdslwirell tubes of the same
ealibey and initial bors condditics.
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e fdilowing sumary of the slasstie-plastic theoay for «pia
end thick-wall cylinders subjected to intarnsl pressure will be
dividad into the differant stogss of defarmation corurring upon
the spplication of pressuve, A4lso considsred will be the varia-

St o igh

tiona occurring Lrom the vee of the Tresca and Voo Mises yield
eriteria,
I -~ Rlastic Cage

By applying the condition
of equilibwiue to the forces in
the radial direciicn on the slie-
went illustrated, the following
general differentisl equation is
cbtaineds

Gt—ﬂr“'l";rﬁ =0 oooe-octtmouatconta)

Ttilising the strain - displacsmmt raisiions and Hooles law,
assuming oy = Qy0¢ and Op 82t
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APFFRNDIX 1

SUMMARY OF THECRY POR THICK-WALL CYLINDERS
SUBJECTED T0 INTERRAL FRESSURE

The following sumsry of the elastic-plastic thewry far open
end thick-wall cylinders subjected to internal pressure will be
divided into the differsnt stages of defarmation occurring upon
the application of pressure, Also considered will be the varia-
tions ocourring from the uas of the Tresca and Von Mises yield
criteria,

I - Elastic Case

Ry applying the condition
of squilibrium to thes farces in
the radisal directimm on the ele=~
msnt 1llustreted, the following
general differential equation is
cbtaineds

- -&' 2 0 & 3 0 ¢ 0 5 0 0 e s 0
og=op~TF =0 a)

ssiond Saoaimnsnediot oo bt it e ia s S g Bt Wi s g

Utiliging the strain - displacenamt relations and Hookes low,
assndng og = O, 0 and & ares

ctn-i!;’[%fv—%:a ...............o(2)
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Substiteting equitions 2 sod 5 irmio equation 1 yislds o Ind order
ditfarentisal oquation which hxa the genersl solutions
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placing egustish 4 imto ematiow 2 and 2 and uveing the boundsry

coxitions
%e =~ F
and
% = O

yields the falioming well mom equstiong for tingential and redizl
strsasee for the ivierssl pressure sase:
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The mziaus value of op which 45 at ¥ o & s
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thinwall oylindsra.
The saa of the tangmtial and radiad stresses is constant

through the wall thickneéss, Hence they produce & unifors comtrac-
tion in the divectlon of the axis «f the cylinder, amd planes
perpendicular to the axis remein perpendicular. It is thsrefors
Justifisble to consider the cylimder as bedng in a stats of plae

stress, 1.0, 0y = Q.
&nee
29
* %" w3

then from Hookes' law, %the longitudinal strain is

ol
L tilll'tilo'oilutoadac}
L=y

From equation (4), the redisl displacement of any padnt in the
wll Becomes
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&8 the intersnel pressure is increased the elastio 1imdd of s
siterial ic sxcecded and the metal beglns to yield st the burs.
Ttilisdng the Tresca criterion of yiclding, l.=.

%‘%-%wﬁﬁi&&&anoia&ﬁa@wcato m;

sud substituoting equations (5) and (5) inte (32) for r = & where

& = Gp 18 the largest, then elasiic bresiiowmn beging o the Lfnter-
Bl surfece at 8 pressare of

ety
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This pressure is the e Lo ell and conditiong.
If the Uen Misnes criforian of ylelding is wiiliesc as follows,
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than subsiituting sguetions (5), (6) and (7) isto (34) yislds for
the open end case,

v
'“fvm ® e OV e B E BT R EEE T SO NG W (35)
M~

iv




Mom the intarosl pressore exceeds the alastic bresidown
mesnwe, the pastic Tegicas progresass towards W sutids

ter. When the Gie 1s partly plastdc, the stresses in G
clsslic rogies we oW1l of the Poms
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Dtiliging the Yrescs criteriosn at v » R aod sdlving o0 K yields
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Tis stresses ir the slastic regicn frow equations (5} and {6) fa
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Usiug Hookes! law and equations (16) and (17), the radial dis-
placement in the elastic recion is:

%mﬂ;ﬂl$§}b‘¢ﬁm¥}§a “ R % b v e @ @ {3.9}}
| | _—

The longitudinal strain free aquatien {19) fe

5‘-"‘"“'010.‘.6.:050:;-#0‘-. <
In the plastic reglon, the squation of equilibrium (1)
combined with the Tresca yield criterion lsads to

pi.pt

ascylagm«-cy( ).-...,a-..--(ﬂ)

O, =g 1 R*a
o Q‘;‘ 3

boen®
b y

@a).-......-.--(zz)
The intarnszl pressure required to produce plastic flow up to

the depth of » » R 43 from equation (21)

b“ﬂa)o-o‘-ocoucno-n(a)

P‘R-e 1og n‘y(

Pyustion (23) satisfies elastic breakdown at the bore ami 100
percent overstraln which can be checked by letting R e a and R = b
reaapectively,

Assaaing that the only volume changes within the plastic region
are slastic and that the lengitudinal strain is unifore throughout

T S . e e A< e < . .




Using Hookes' law and equaticos (16) and (17), the radial dis-
placemsnt in the elastic region is:

—
n‘-&i L(l#v)b"ba-\')aooo-ooooo (19)
xnt

The longitudinal strain from aquation (19) is

6"-""—-oooooo-aoo-.oo-.oo..o(2@)

B
In the plastic region, the equation of equilibriwm (1)
ccabined with the Tresca yield criterion lsads to

R bi.g*
crpnna,.lq-;——cy(*—zgi-')poooooao-no. (21)
Otp.—cqungﬁﬂy(-b%i-'—) RN E RN (22)

The irternal pressure required to produce plastic fiow up to
the depth of ¢ = R 48 from equation {(21)

Py =0, 183+ a (—i‘%,"“-') e e e (@)
Bquation (23) satisfies elastic breakdown at the bore and 100
percent ovarstrain vhich can be checked by letting R=a and R = b
reapectively.

Asyuxing that ths only valume changes within the plastic region
are elastic snd that the longitudinal strain is uniforam throughout
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the cross seotion, it has been showvn thet the radial displsce-
mont wader internel overstwain pressare vtdilisxine the Treses

¥ield ariterion i3

-
(2¥}] . o ¢ (24}

W I‘?g

2\
%ul[ (L-zv)lagi---;}ug (1-v) +

The stresses which remin in the wall of the cylinder after
bringing the xaterial to & oondition of ylelding at least partly
through the wall and then resnving the internal pressurs can ba
calculated besed on the Treses yleld criterion and sswadng that
dupring uGlceding the material followa Hookes' law &8 followw:

..0‘..000‘.(25)

4 (ty2)r w(t,r) Pres, . {t,r)e

Tor the slastic-plastic condition, from squations 16 snd 17 the

residoal streases in the elastic portion of the wall sres
2

p <
V i\1+"2)[g T“ﬁz‘;;'*?m“;} 00.0(%7

b~

?'z b2 r* 32 232-4!2 R
LA (-—;5 g'ﬁ(-;r--i'?lﬂ!:)o-ae.- {27)
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and in the plastie portion,
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APTENDIX iIX
AUTUPRETTACE DISIOH PROCEITRE

The deslign of & gon tubs or thick-well oylinder utilistieg
hs antofretiage prinsinle basloslly fnvolves seepting the desived
ot exossding spproximately 2.2, snd solving for the recuired
dismater ratio in the following relationship.

(X) Pp & (1.08) o5 2og ¥

E in this case is & factor of safety whish, in 13ght of the slight
not~linearity axhibdted in the diameter ratiocs and yleld strength
leval investigated, bes been preliminerily set at 1.2,

The design of a g tube along vith the ssoonisted restruin.
irg containers for the autofrettage provess L order %o oblsin
optime results vwith the sduimm ssount of permsnest bors enlorge-
aent 1s & wore diffioult pmroblen and will be surwarised in this

sutefrettags of zun tubes, the following factors abould be ocnwid-
erod and ineccporuted into the basic design for wutofretiage:

1 « ipproximatcly 3 inohes of material should 7 left on &l
diumeters 4o fecilitate the fimal mechining opmmtions, This




skoald be Dased m tie tube configuredlon aftor sutofrettsge.

2 - Ths misdmm taper to fooilitets removal of the tube frem
the comtainers sfter wtoliettage shonld be 08 imsierfinsh i
the dzncter, With & maxioxe of (020 inchss/inch, Exoesding this
S =atnwas tepsy B anylhiag dut s very shurt seotion sy introduce
é; an exsessive longltuiingl coapenant of the ralial stresses
; batwsen the oubsids tube swrfsoce aud the comtainer.

g 3 - A wints length equal to the outside diamster end

: measured from the paint of sealing should be dimarded from each
ot of tha tube. This 15 S0 dlindnate tbhe end effects cansed by
the sesling srrangssent,

B - DESIGN FRUCEOUR

<

B

e disign for autofretiage by the opsu-end process utilising
oontainere ok be divided into 3 bamdc pwrts consisiing of that
fcr the tube, containers and Jougitodinal shviakage.

1 - Tube

e tube dinensions after sutclrettage conslist of that Lo
the findahed tubc plus machinding aliossncss, The design of the
@bs catiguamation for sutofretiage than will be that required, ine-
& cludizng necosseyy tapers, to attain the predetermined dimsnsions
after bedag ovarstraimd, The determinetion of this initial cone
: HHgoration 1s scccaplished by 2 trisl and ey tecihxique an
tabulated in Teble IT for ot af the S0m gun tubes shown g
Flgure 30, Bach section of the tube muwt be sonaidared separztely,

b 3
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In the fxditial trial, the fipal reguired dimmsions are utilised

20 determine the amount of permensst bors enlagemsnt resulting
frau the 100 pervent overstiedn coodition. 45 an examls. in tube
Section 5, the reguired bore and orteide dlametere after suto-
Lfrotiage aye 3,24 sxd 6,005 inches regpectively. Nor this
#amsbor ratic of 1,85, fres Pigowe 1§, it is susz 8ot o poes-
nont bore enlargement of 1.0 peroent or (B2 inches 1s required %o
attain 100 paroent overstrain, Utlliging the permsnent snlarge-
mat vatio for W = 1,86 fram Flgws 17, the change in cutaide
damter will be 019, Thess pawannt diameter changss ars sub-
twracted from the ariginal asmmicd or in this case final dimsasiocus
and the new dlumsters, adjusted alightly to ximplily mmohining,
vtdlised for the second trial. In e cxmmple shown, the second
trial yielded satisfactory results, It should de noted that tiw
required parmnent bors sulegement to sttadn 100 psrosnt ver-
strain is 1.25 times the exparimmatal dzta in order %o overcome
srtarial strength differences throughout the tube.

2 « Imgltudina) Shrinkage

Sinoce the outeide dliseter of the tube cosists of one ar
several tapare, the longitudinal shrinkegs must be ccnstderad in
ader to sttain the desired smcunt of psrmenent bore smlargesent
in sach tube sectics, Tildng ths mean dissstor ratio for each

seotion and the reguired ameunt of persansnt bors ealargeswmt, the
lmgitodinal shrinksge can then be determized from Figure 77,
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Jrve - omossasm oty s i s < e
S

This ssount then is added to the Jangth of ench section,

3 « Container Design

as provicasly sistad, comtadumw are uiilived primrily to
sonteel ths ansat o pormaaeni aillicgwesd Gaos maidng posmddls
the autulrelicge of & Hibe of wariable cross section. To
detamine e intermal configuration of the ccatainers which
rescabls very ciosaly that of tha tubs, 4t is assumad thel tie
tube~ocataines interface presmure 13 equal to the difference
betwsen the ssximm intermal gressure for the tabe and the over-
stralin pressure for the ssction fv question, The ssxiwne intermal
pressurs 18 gansrelly el to ar slightly grectar than the madi-~
mim ovaratrein pressurs for the tobe, Iz this cose 135,000
pounds pwr squirs inch 1s used, Agiin in the case of Jection 5,
the interfuce pressure i 135,000 - 115,000 or 20,000 pounds per
N sqoare inch, Dnowdhg the interoal and inte-face pressmre at a
e iven section, the elsstis Tecovery of the outside murfsos of the
' tbe im

“o t ) [2Ta-Tir P23 c0ieiee . )

where § « aximm lotersel proeosamre

Ne = intarface pressurs
Assmdag that the internal dlamsber of the cadaine eguals the
steidc dimeier of ihe tube uhen unier pressoe, i alastin




AT i s el ey o a3 infae

strain of the ocontainar oan bae ximilsrily determined froms

'w’% (o?fluw;) ceteos o oeanws 23

Tha futernsl dismetar of the containar Lo abiada W Sesived
perwanant bore elaxyesont oan now be dstarsined by adding to the
outcide diameter of the tube after autofretiags the dlllwrencs
botwoun the clastic recovery of the outeide surf-os of the tabe
(MQI)_MwMWQdmemm
{(squation 2) sz followss

Iﬂ'b‘?(%-'ﬂ“e}cdctotc.c-oaoooseee}




strein of the omtainar can be similarly determined fram

- DN . .
‘“ 'md) (07'.'10”’) [ 20 I B s 2 5 ® 9 (2)
T™he internsl diameter of the contedner to attain the desired
psranpaxt bore enlargwment owz now be Jstermined by adding to tie

outside damstor of the tuvbe after avtofrettage the difference
batseen the elastic recovery of the ataide surface of the tibe

(oquaticn 1) and the elastic expmsion of the container
(oquation 2) as followss

%‘b*(‘b‘-‘“)ooooooooooco'onooe(3)
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Figwe 3. CONTROLS FOR 200,000 POUNDS PER SQUARE INCH AUTOFRETTAGE SYSTEM
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